Rationale Craving is a primary feature of opiate addiction and is clinically significant because of its potential to trigger opiate use and relapse. Opiate use can also produce abnormal pain perception. We predicted that for opiate addicts (OAs), there may be an association between these two major features of addiction (drug craving and abnormal pain responses). Objectives To examine pain responses in abstinent opiate addicts in comparison with healthy controls using a coldpressor test (CPT) and investigate the correlations of cueinduced drug craving with pain responses. Material and methods Fifty-four abstinent OAs and 46 healthy subjects participated in the CPT, and the OAs were also exposed to heroin-related cues the day before the pain test. Outcome measures included pain-tolerance time, VAS ratings of pain intensity and distress, and (in the cueexposure procedure) VAS ratings of heroin craving and anxiety. Results In the CPT, abstinent addicts showed shorter paintolerance time (85.1±14.1 s vs. 133.7±16.7 s, p<0.05) and higher ratings of pain distress (61±3.2 vs. 45.6±3.2, p< 0.01) compared to healthy controls. When we divided the addicts and controls into pain-sensitive (PS) and paintolerant (PT) groups by dichotomizing each group in terms of pain-tolerance time, we again found differences between the two PS groups (37.3±3.5 s vs. 57.4±5.1 s, p<0.01 for pain-tolerance time; 66.7±3.2 vs. 52.4±3.3, p<0.01 for distress ratings). For all participants, pain-tolerance time was negatively correlated with VAS ratings for pain intensity and distress. More importantly, the PS addicts reported greater cue-induced craving than the PT addicts (17.8±2.2 vs. 4.5±4.2, p<0.05). For the addict group as a whole, pain distress (the affective aspect of pain) was positively correlated with intensity of cue-induced craving measured on a different day (r=0.33, p=0.01). Conclusions A hyperalgesic state persists for at least 5 months in abstinent OAs and is predictive of cue-induced craving. Longitudinal research is needed to clarify the direction of causation between hyperalgesia and opiate addiction.
Introduction
Craving for a drug is a primary feature of addictive disorders and is clinically significant because of its potential to trigger drug use and relapse (Childress et al. 1999) . Relapse to drug addiction is frequently associated with subjective reports of craving, a state that precedes and accompanies drug-seeking behaviors (Grimm et al. 2001) . Craving for drugs can be induced in a laboratory setting using the cue-reactivity paradigm. In this paradigm, drug-dependent patients show specific physical and psychological responses to drug-related stimuli. These responses are assessed before and after exposure to a wide range of drug-related cues, including the sight of drug paraphernalia (Yu et al. 2007) , scripted imagery of drug use (Weinstein et al. 1997) , and drug-related pictures (Waters et al. 2003) , words, or videos (Ooteman et al. 2006; Ren et al. 2009; Shi et al. 2007; Upadhyaya et al. 2004) . The most commonly collected psychological measures are craving, urge to use drug, drug-induced arousal, mood changes, and anxiety (Fox et al. 2007; Fox et al. 2005) . Physiological measures often include heart rate, blood pressure, salivation, body temperature, skin conductance, and withdrawal signs (Carter and Tiffany 1999; LaRowe et al. 2007) .
Pain is a complex experience encompassing sensory, affective, and cognitive elements, which are mediated by different parts of the central nervous system (Brooks et al. 2005; Davis 2000; Singer et al. 2004; Talbot et al. 1991) . Opiate administration can produce abnormal pain perception, either hyperalgesia, or hypoalgesia, depending on the schedule (Celerier et al. 2001; Laulin et al. 1999; White 2004 ). Opiate-induced hyperalgesia is most broadly defined as a state of nociceptive sensitization caused by exposure to opiates (Chu et al. 2008; Mao et al. 1994) . Abnormal pain perceptions have been reported in different stages of opiate addiction, including the development, maintenance, and withdrawal periods and periods of abstinence during treatment (Compton 1994; Compton et al. 2000; Doverty et al. 2001; Lehofer et al. 1997) . Among OAs, preexisting pain problems are especially likely among those who used prescription opiates only or initially (Brands et al. 2004) ; among substance-misusing physicians, one of the most common precipitating factors is physical pain (Akvardar et al. 2002) . On the other hand, pain can also be a result of chronic opiate use. OAs exhibit hyperalgesia after long-term opiate use, as shown by significantly shorter durations of ability to withstand immersion of the hand in ice-cold water compared to healthy individuals (Compton 1994; Compton et al. 2001; Martin and Inglis 1965; Pud et al. 2006) . Patients on methadone maintenance are relatively intolerant of pain, a finding hypothesized to reflect a hyperalgesic state induced by chronic opiate administration (Compton et al. 2001) . Also, OAs undergoing partial-agonist maintenance may have difficulty achieving analgesia when in acute pain (Alford et al. 2006) , and pain is also among the causes of discontinuation of methadone maintenance and triggers of relapse to addiction (Calsyn et al. 2006; Cruciani et al. 2008) .
We hypothesized that for opiate addicts, there may be an association between two major features of addiction-drug craving and abnormal pain responses, both of which can trigger relapse to drug use. We know of no published reports testing this hypothesis. Therefore, we compared pain responses (pain-tolerance time and VAS ratings for pain intensity and distress), during a CPT in abstinent OAs and healthy controls, and investigated the correlations between pain responses and cue-induced opiate craving using a cue-reactivity paradigm.
Materials and methods

Participants
Fifty-five individuals who met DSM-IV criteria for heroin dependence upon admission into a long-term rehabilitation program were recruited. The participants had been abstinent from heroin for an average of around 4 months upon recruitment. Those who met DSM-IV criteria for dependence on another psychoactive substance (except nicotine) were excluded. Also excluded were those who were currently on medications for physiological or psychological disorders, those who had chronic pain conditions and ongoing acute pain, and those needing to use prescribed drugs. The control group consisted of 47 healthy volunteers recruited via word of mouth and advertisement. Control-group participants were required to meet the following criteria: (1) no history of alcohol or substance abuse, (2) chronic pain conditions and ongoing acute pain, (3) no current or prior serious physiological and psychological disorders, (4) no current use of medication, and (5) ability to understand the purpose and instructions of the study. A urine sample was required for the detection of opiates and methamphetamine.
The study was approved by Human Investigation Committee of the Peking University School of Medicine, and written informed consent was obtained from all participants before they started the study. Three of the enrolled OAs were not included in the analyses; two were dropped from the study for hypertension and one completed the study session but, due to experimenter error, did not have his pain-tolerance time recorded.
The participants in this study were all male. The demographic characteristics of the participants are summarized in Table 1 ; no significant differences were found between the OAs and healthy controls. Experimental procedure
Pain response was determined with a CPT, which is believed to be the best method for simulating the quality, duration, and urgency of clinical pain in the laboratory (Turk et al. 1983) . The test was conducted as described before (Chen et al. 1989; Liebmann et al. 1997) . Briefly, all participants underwent a CPT; tolerance time and subjective reports of pain intensity and distress were recorded. OAs also underwent a drug-cue-reactivity paradigm, in which changes in craving were recorded; this paradigm was always performed between 8:00 and 10:00 A.M. OAs completed the two tests on two consecutive days. Cue exposure always preceded the CPT. This fixed order was chosen to prevent a "carry-over" effect of stress from the cold-presssor test; cues and stress in combination could increase drug craving (Carter and Tiffany 1999; Sinha et al. 2003) .
Cold-pressor test
The apparatus for the CPT was a container of ice and water stirred to maintain a constant temperature of 2.0± 2°C throughout the session. At the onset of the test, participants were instructed to submerge one of their hands into the container such that the ice water covered 4 in. of the arm above the wrist. Participants were instructed to indicate to say "stop" when they were no longer willing or able to tolerate the pain, at which point they withdrew their submerged hand. A maximum time limit of 5 min was imposed.
Subjective pain ratings
Participants were instructed that at the point when they withdrew their submerged hand, they would be asked to rate the pain in terms of its intensity (a sensory aspect of pain) and its unpleasantness (an affective aspect of pain) using separate visual analogue scale (VAS, 0-100). The patient was instructed to distinguish between the concepts of pain intensity and distress as follows: "To understand the difference between pain intensity and distress, think of listening to music on a radio. As I turn the volume up, I can ask you how loud the music is or I can ask you how pleasant or unpleasant the music is to listen to. The intensity of pain is like the loudness of music. How pleasant or unpleasant the music is depends on how much you like or dislike the music, and the distress of pain depends on how much you dislike that sensation" (Price et al. 1983 ). The experimenter held up one VAS for intensity rating, with the 100 mm line anchored by the words "not at all intense" and "the most intense pain imaginable" and another VAS for distress rating, with the 100 mm line anchored by the words "not at all unpleasant" and "the most unpleasant pain imaginable".
Drug-cue-induced craving and anxiety OAs were exposed for 5 min to a film of drug users injecting and smoking heroin. Heroin craving and anxiety were measured at baseline and immediately following cue exposure using two separate visual analog scales starting at 0 (none at all) to 100 (more than ever; Sinha et al. 2003) .
Data analysis
Independent t tests were used to compare demographic characteristics and pain measurements in OAs vs. controls. Participants were empirically dichotomized into PS and PT groups as reflected by pain-tolerance time. Independent t tests were used to compare the differences between PS and PT groups. Spearman correlations were used to assess associations between pain responses and craving.
Results
Hyperalgesia in opiate addicts after prolonged abstinence Table 2 shows mean pain-tolerance times and VAS ratings of pain intensity and pain distress in OAs and healthy controls. There were obvious dichotomies in pain tolerance within both the OA group and the control group. The PT subjects endured almost the entire CPT (pain-tolerance time=295.4±4.6 s for PT OAs, 291.3±5.4 s for PT controls); the PS subjects had mean pain-tolerance times of only 37.3±3.5 s for OAs and 57.4±5.1 s for controls. Within PS subjects, pain-tolerance time was shorter in OAs than in controls (t= −3.36, p < 0.01); within PT subjects, there was no difference between OAs and controls (p>0.05). The mean VAS rating of distress in the total sample of OAs was 61±3.2, higher than the mean of 45.6±3.2 in the controls (t=3.38, p<0.01). For VAS rating of pain intensity, there was no difference between OAs and controls (t=−0.351, p=0.73). However, within the PS subjects, distress was higher in OAs (66.7±3.2) than in controls (52.4±3.3; t=3.07, p<0.01). No such difference was found for pain intensity between the two PS groups (t=−0.93, p= 0.36). Furthermore, no differences were found between the two PT groups in VAS ratings for distress or pain intensity (t=0.74, p=0.47 for distress; t=−0.14, p=0.90 for pain intensity).
Correlations between tolerance time and VAS ratings for pain intensity and distress
Both the OAs and the controls showed significant negative correlations between pain-tolerance times and distress ratings (r=−0.359, p=0.008 for OAs and r= −0.427, p=0.003 for controls, Fig. 1a ). For pain intensity, only the controls showed a significant negative correlation with pain-tolerance time (r=−0.171, p=0.216 for OAs and r=−0.418, p=0.004 for controls, Fig. 1b) .
Increased cue-induced drug craving in pain-sensitive opiate addicts after prolonged abstinence 400.00 300.00 200.00 100.00 00.00 400.00 300.00 200.00 100.00 00.00 Tolerance time and VAS ratings of pain intensity and pain distress were presented in total, pain-sensitive, and pain-tolerant opiate addicts and healthy controls, respectively *p<0.05, **p<0.01 compared with healthy controls differences were found in baseline craving and anxiety ratings between PS and PT OAs (data not shown). However, PS individuals reported greater changes in cue-induced craving than the PT individuals (17.8±2.2 vs. 4.5±4.2, t=2.76, df=50, p<0.01). The anxiety changes were similar in PS and PT OAs (6.7±1.0 vs. 6.3±1.2, t= 0.21, df=50, p=0.8).
Correlations between cue-induced craving changes and pain responses Among OAs, there was a significant positive correlation between cue-induced craving changes and VAS rating for pain distress (r=0.33, p=0.01, Fig. 3 ). Craving changes did not correlate with tolerance time or pain-intensity ratings.
Discussion
The current study demonstrated that 4-month-abstinent OAs, compared with healthy controls, showed shorter pain-tolerance times, and higher ratings of pain-related distress in the cold-pressor test, indicating that formerly drug-dependent individuals were in a hyperalgesic state, at least by those measures. This is consistent with previous reports (Compton et al. 2000; Pud et al. 2006 ). When we empirically divided participants into PS and PT groups, the same differences were observed between the two PS groups, but not between the two PT groups. This division by pain-tolerance time was supported by the negative correlations between pain-tolerance time and distress. Most importantly, among the OAs, cue-induced heroin craving in a separate task was greater in PS individuals than in PT individuals, and the degree of craving was positively correlated with ratings of pain distress. Our findings suggest that the difference between the OAs and the controls was mainly driven by participants at the higher end of a continuum of pain sensitivity (PS rather than PT individuals). As previously suggested (Compton et al. 2000) , there are at least two possible explanations: (1) Chronic opiate misuse may cause hyperalgesia (Doverty et al. 2001; Ho and Dole 1979; Martin and Inglis 1965) , and for heroin-dependent patients entering treatment with established hyperalgesia, subsequent maintenance on methadone or buprenorphine neither exacerbates nor reduces that hyperalgesia (White 2004); or (2) persons at risk for opiate addiction may be inherently intolerant of pain (Compton et al. 2000) , a possibility supported by animal and human studies of genetic polymorphisms (Bond et al. 1998; Mogil 1999; Mogil et al. 1996) .
Unexpected findings in the present study were that cueinduced craving was positively correlated with ratings of pain distress, and that craving was greater among pain-sensitive OAs than among pain-tolerant OAs. Still, the absence of significant correlations between anxiety and pain responses supports the specificity of cue-induced drug craving in this cue-reactivity paradigm. These findings suggest that hyperalgesia after long-term opiate use may contribute to drug craving during prolonged opiate abstinence. The dissociation of pain intensity from pain distress has been reported in patients with frontal lobotomies or cingulotomies (Foltz and White 1968; 1962; Hurt and Ballantine 1974) . The endogenous opioid system, through the activation of μ-opioid receptors in specific brain regions, is involved in the attenuation of sensory and affective responses to painful stimuli. In our participants, similar ratings of pain intensity between OAs and healthy controls suggest that the brain regions involved in sensory aspects of pain were functionally normal. But, the increased distress in the PS OAs suggests a functional abnormality in brain regions involved in affective aspects of pain.
Several limitations of the present study might be addressed in a replication. First, it remains undetermined how other psychological variables may affect pain responses in OAs. Second, sex differences (Yu et al. 2007) could not be addressed in our study due to difficulty in recruiting female OAs. We will address these issues in future studies.
Our data suggest that the difference in pain tolerance between OAs and healthy controls may persist through at least 4 months of abstinence. This abnormal hyperalgesic state in OAs could predispose them to increased opiate craving. Numerous studies have shown that the neuroadaptations resulting from long-term opiate misuse do not normalize even long after abstinence (Liebman et al. 1994; Liebmann et al. 1997; Pud et al. 2006) . Therefore, the persistent hyperalgesia seen in our OAs may reflect a neuroadaptation to opiates, although longitudinal studies are needed to rule out the equally plausible possibility of a preexisting difference. In either case, it is possible that treatment aimed at ameliorating the hyperalgesia could help relieve opiate craving and prevent relapse to addiction.
